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In this study, the metal-insulator-metal (MIM) test structure with the high dielectric constant
(high-k) lanthanum oxide (La,Os3) film was fabricated and characterized. In order to develop good
insulator suitable for Metal-Ferroelectric-Insulator-Semiconductor Field Effect Transistor
(MFIS-FET), the operational principles and the implementation issues of the high-k La,O; MIM
capacitor are discussed, including leakage current and conduction mechanisms, analog properties
and distortion mechanisms, stress behaviors and degradation processes, as well as dielectric
breakdown and reliability characteristics. In summary, according to the experimental results, a
highly stable and reliable 10-nm La;O3; MIM capacitor with low leakage current (9.4 nA/cm? at
—1 V), high breakdown strength (> 7 MV/cm at 25 °C), small VCC (671 ppm/V? at 100 kHz),
and sufficient high capacitance density (11.4 fF/um?) has been successfully demonstrated. The
results highlight the promise of the La-based high-k dielectrics as the insulator of MFIS-FET.

Keywords: high dielectric constant (high-k), lanthanum oxide (La,Os), metal-insulator-metal
(MIM) test structure, Metal-Ferroelectric-Insulator-Semiconductor Field Effect
Transistor (MFIS-FET)
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The schematic layout and its cross section along the A-A’ line of the fabricated La,O; MIM
capacitors are shown in Figs. 1(a) and 1(b), respectively. The main fabrication steps were
summarized below. After performing the standard RCA clean process to remove the native oxide
and any contamination, the 1-um thermal oxide was grown on 6-inch Si wafer as an isolation
buffer layer by using wet oxidation. And then, the 200-nm tantalum (Ta) layer and the 50-nm
tantalum nitride (TaN) layer were subsequently deposited on buffer oxide layer as the bottom
electrode by a reactive sputtering system. Ta layer and TaN layer were used to reduce the
parasitic resistance and to serve as a diffusion barrier layer, respectively. Before defining the
bottom electrode of the MIM capacitor, the surface of TaN was treated by ammonia (NH3) plasma
nitridation at 300 mtorr with the RF power of 100 watts for 10 minutes to reduce the interfacial
layer during the following high-k annealing processes. Besides, the metal layer TaN with NH;
treatment has more flat surface roughness so that the leakage current of the MIM capacitor could
be reduced under bottom injection condition.

The bottom electrode TaN/Ta was lithographically patterned and defined by employing a
transformer-coupled-plasma (TCP) etcher with chlorine-based gas. Subsequently, the 200-nm
tetracthoxylsilane (TEOS) oxide film used as the first inter-layer dielectric (ILD) isolation was
deposited by utilizing a plasma-enhanced chemical vapor deposition (PECVD) system at 300 °C.
The capacitor region and the bottom contact region were etched by buffered oxide etchant (BOE)
solution after being opened by optical lithography process. Afterwards, the lanthanum oxide
(La,0O3) was deposited by using electron beam evaporation. The high-k dielectric La,O3 film on
bottom electrode was annealed at 400 °C in O, ambient to improve its quality via fully oxidation
and defects elimination. After lithography process to define the top electrode region, the 60-nm
nickel (Ni) and the 30-nm TaN were subsequently deposited by electron beam evaporation and
reactively sputtering, respectively. And then, the top electrode with Ni/TaN bi-layer metal was
formed by using lift-off technique.

Next, the 300-nm TEOS oxide film served as the second ILD passivation layer was
deposited by using a PECVD system at 300 °C. Because the La,0O3 high-k dielectric film and the
TaN metal were hardly etched by BOE solution, the contact holes were patterned by two-step
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etching process for interconnection. Firstly, the 300-nm ILD passivation on contact hole region
was removed by BOE solution and its could be etched, and the etching process could be stopped
on the top of the TaN electrode and the La,O; film. Secondly, the mixed solution of H3POy:
HNO;: CH;COOH: H,O = 50: 2: 10: 9 heated to 60 °C was used to dissolve La,Os film with high
etching selectivity to the ILD passivation layer and the TaN electrodes. After the contact holes
were opened by two-step wet etching process, the aluminum (Al) film of 500 nm was deposited
by using a thermal evaporation system. Finally, the aluminum pads were lithographically
patterned and also etched by the mixed solution of H;PO4: HNO;: CH;COOH: H,O = 50: 2: 10: 9
at 60 °C. Ultimately, the MIM capacitors with La,O3 high-k dielectrics were accomplished. It was
noteworthy that the maximum temperature during MIM capacitors fabrication was 400 °C, which
was compatible with VLSI backend process.

An automatic measurement system consisted of a person computer (PC), Agilent-4156C,
Agilent-4284A, Agilent switch, and a probe station is used for DC and low-frequency
measurement of the fabricated devices. The properties of the La,O3; MIM capacitor are measured
by the temperature-controlled chuck of the probe station, such as leakage current, capacitance
density, breakdown biased voltage, and reliability characteristics. For all of electrical
measurements, the voltage and the altering signal are applied to the top electrode while the
bottom electrode was grounded. The leakage current-voltage (J-V) measurements are preformed
on the Agilent-4156C semiconductor parameter analyzer. The capacitance-voltage (C-V) curves
are measured by the Agilent 4284 A precision impedance meter, and the dielectric loss-voltage
(D-V) curves could also be observed at the same time. The biased voltage on the top electrode of
the La,O3; MIM capacitor sweeps from —2 V to 2 V at frequencies varying from 10 kHz to 500
kHz by applying an ac signal with 25-mV amplitude. Moreover, from the viewpoint of practical
use, it is very important to clarify the stability of MIM capacitor properties during long-term
voltage stress. Therefore, the constant voltage stress (CVS) in the range of -4 V to —5 V at the
temperature of 25°C is conducted by utilizing the Agilent-4156C semiconductor parameter
analyzer. The C-V and J-V characteristics of La,O; MIM capacitors are also measured at various

time intervals during CVS testing.

. La,0; Film
|:| Bottom Electrode Definition Al \ Al
ILD2 \ ILD2 | ILD2
ki Capacitor Hole Definition A TANINT ToB ETectro \\\\\\\l
B N A
|:| Top Electrode Definition (Clear for lift-off process) | | | o) | i
- AN B RiseRage
Lz Contact Hole Definition & High-k Etching N
- Buffer Oxide
D Al Pad Definition Si Substrate
(a) (b)

Fig. 1 =~ The schematic layout of the La,Os; high-k MIM capacitors. (b) The cross-sectional
structure along the A-A’ dashed line in the layout shown in (a).
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Figure 2 shows the C-V and J-V characteristics of the 10-nm La,O; MIM capacitor. The
capacitance density at zero bias is about 11.4 fF/um? and the leakage current densities at —1.5
and +1.5 V are 16 and 56 nA/cm?, respectively. The quadratic voltage coefficient of capacitance
(@), used to depict the voltage dispersion or voltage dependency of capacitance, is obtained from

fitting the C-V curves by the second-order polynomial equation:
C(V):COX(axV2+ﬂxV+1), (1)

where Cy is the capacitance at zero bias. The « values of the 10-nm La,O; MIM capacitor
measured at 10 and 100 kHz are 775 and 671 ppm/V?, respectively. The positive o represents a
capacitance density rise with the increase in applied voltage, which may be attributed to the high
degree of electric field polarization and carrier injection. During the voltage sweeping, some of
the injected carriers would be captured by the interface trap states existing in the dielectric near
the injection electrode. These trapped charges could induce dipoles following the alternating
signals with a dipole relaxation time. Moreover, the other injection carriers become excess mobile
charges in the insulator, and these mobile charges also follow the small ac signals with a free
carrier relaxation time that depends on the mobility and density of carriers. The dipole and free
carrier relaxation time contribute to various frequency-dependent characteristics in RF/analog
MIM capacitors. As the measurement frequency increases, the trapped-charge-induced dipoles
and the excess mobile charges hardly follow the ac signal, corresponding to the longer relaxation
times of these dipoles and mobile charges. Thus, the capacitance fluctuation due to the varied
applied voltages becomes smaller and results in the lower o with increasing frequency. While
both dipole polarization and free carrier polarization could modulate the capacitance, the free
carrier effect is believed to play the major role in the voltage dependence of capacitance, but is
negligible for the zero-biased capacitance where the carrier injection ceases.

To further investigate the stability of the La,Os MIM capacitor under electrical stress, the
CVS test was carried out. Figure 3 shows the relative capacitance variation [AC/C(t=0)] as a
function of stress time at various CVS voltages from —4.6 to —5 V. The relative capacitance

variation is defined as

AC  C,(t)-C,(t=0)
C(t=0) " c,(t=0) @

where Cy(t=0) is the initial capacitance at zero bias before stress, and t is the stress time.
[AC/C(t=0)] increases with the CVS voltage and the stress time. On the other hand, [AC/C(t=0)]
is also plotted as a function of the injected charge (Qiy) in the inset of Fig. 3. The relative
capacitance variation increases with a logarithmic increase in Qj,j regardless of the stress biases,
which implies that the increasing charge trapping in dielectrics during CVS is responsible for the
capacitance variation. The trapped charges in the preexisting traps and in stress-induced traps
generate dipoles to increase the local permittivity and the capacitance. Among them, the
stress-induced dipoles contribute to the relative increase in capacitance with respect to its initial
4



condition, and that is the degradation of the capacitance. Specifically, the relative capacitance
variation is proportional to the amount of stress-induced trapped charges. Furthermore, the
trapping probability, the ratio of trapped charge variation, AQuap, to injected charge variation,

AQinj, obeys a power law relation:

AQtrap

=K xO" s
Ao, O G)

where K is the trapping efficiency as a function of the injected current density and the
temperature, and the characteristic exponent n is a fraction. As a consequence, the logarithmic
dependence of the relative capacitance variation on the injected charge is shown in the inset of
Fig. 3. Moreover, the CVS conditions presented here exhibit a nearly linear relationship between
Qinj and stress time (not shown). The power law behavior of trapping probability brings about the
slower increase in capacitance after long-term stress. Both the linear relationship between
[AC/C(t=0)] and In(Qjy) and the saturation-like behavior mentioned above are similar to the
flatband voltage shift of a metal-oxide-semiconductor (MOS) capacitor under electrical stress that
has been reported in many studies.

In considering the long-term stress behaviors of capacitance, Fig. 4 depicts the 10-year
stability extraction of a fabricated 10-nm La,O; MIM capacitor estimated by the relative
capacitance variation. It could be obtained from the extrapolated [AC/C(t=0)] versus stress time
to 10 years, as shown in the inset of Fig. 4. The 10-year degradations of 10-nm La,O; MIM
capacitors with an 11.4 ﬂ:/p,tm2 capacitance are 6.32, 4.09, and 2.61% under CVSs of —4.6, —4.4,
and —4.2 V, respectively. The operation voltage guaranteeing 0% degradation for 10 years is
extrapolated at —3.93 V.

The time dependence of o(t) normalized to its initial value o(t=0) under CVSs from —4.6 to
-5 V is plotted in Fig. 5. It was found that [ (t)/(t=0)] decreases with increasing stress time for
a given stress bias. In other words, CVS improves the voltage linearity of the high-k La,O; MIM
capacitor. This may be explained by the reduced carrier mobility in the La,Oj3 dielectric due to the
generation of stress-induced trap states under CVS, thus leading to a longer relaxation time of
mobile charges. As mentioned before, « is dominated by the free carrier polarization. The inset of
Fig. 5 shows the dependence of [a(t)/a(t=0)] on the relative variation in dielectric loss
[AD/D(t=0)] during stress. The relative variation in dielectric loss caused by CVS with respect to

its initial values is acquired as

AD  D,(t)-D,(t=0)
D(t=0)  D,(t=0) ®)

where Dy(t=0) is the initial dielectric loss at zero bias. The relative variation in D of the La;O3
MIM capacitor under CVS increases with stress time and voltage (not shown), similar to the trend
of the relative variation in capacitance shown in Fig. 3. It is believed that the trap/detrap
processes are responsible for the dielectric loss, and the increase in D under CVS is ascribed to
the generation of stress-induced trap states. Furthermore, from the inset of Fig. 5, [e(t)/a(t=0)]

linearly decreases with a logarithmic increase in relative dielectric loss, and it maintains almost
5



the same slope independent of the stress voltage. This linear relationship further verifies the
relationship between the amount of trap generation, responsible for the dielectric loss, and the
reduction of free carrier mobility, responsible for the voltage dependence of capacitance. In other
words, stress-induced trap states reduce the free carrier mobility in the dielectric and therefore
increase the free carrier relaxation time that decreases the « of MIM capacitors under CVS.
Additionally, the time dependence of [e(t)/a(1=0)] at various measurement frequencies under a
CVS of —4.8 V is shown in Fig. 6, and the inset presents the dependence of [(t)/(t=0)] on the
relative variation in dielectric loss [AD/D(t=0)]. As the measurement frequency increases, the
changes in [a(t)/a(t=0)] become smaller. This is believed to be due to the smaller (t=0) at
higher frequency. From the inset of Fig. 6, [a(t)/a(t=0)] linearly decreases with a logarithmic
increase in relative dielectric loss, and the slope is again independent of the measurement
frequencies, and the same as that obtained in Fig. 5. As a result, one can derive that changes in x

must vary linearly with changes in D as well.

Figure 7 exhibits the cumulative results of The time-zero dielectric breakdown (TZDB) for
the 10-nm La,O; MIM capacitors at the measurement temperature varied from 25 to 125°C in the
case of top injection, the breakdown field (Egp) of 50% failure probability declines from 7.35 to
5.66 MV/cm as the temperature rises from 25 to 125°C. Besides, from the Fig. 7, it can be noted
that as the measurement temperature raises, the distribution of the Egp data becomes narrower.
This temperature dependence of TZDB is related to the damage created in the oxide during the
measurement. When carrying out the measurement, a rapid increase in applied voltage results in a
rapid rise in local current density of the dielectric to generate energetic carriers that could release
the energy and distort or weaken the local molecular bonds of the dielectric film. The weakened
molecular bonds become very susceptible to be broken by the further injection carriers, and then
a localized defective (percolation) site forms. As a conductive percolation path develops shorting
the two electrodes, the breakdown occurs. For the high temperature measurement, more energetic
injection carriers are available to create damage leading to lower breakdown voltage than that of
low temperature measurement. The effective defect forming process at elevated temperature not
only reduces the Egp magnitude, but also causes the dielectrics of different MIM capacitors break

down at almost the same applied voltage.
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Fig. 2 The C-V curve, J-V curve, and the quadratic voltage coefficient (o) of a typical 10-nm

La,0O3; MIM capacitor.
25F
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Fig. 3 Relative-capacitance variation [Cy(t)-Co(0)]/Co(0) as a function of stress time and
injection charges (Qiy) at various CVS voltages from —4.6 V to -5 V.
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Fig. 4 The 10-year stability extraction of 10-nm La,O; MIM capacitors estimated by the
relative-capacitance variation.
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Fig. 5 Time dependence of the relative quadratic voltage coefficient of capacitance a(t)/a(0)
under a CVS of 4.6 Vto -5 V.

Measurement 0.8
1.0 Frequency
1+ 50kHz __
=) -O- 100 kHz S
08 <4
* 200 kHz e
3 <7 500 kHz O  ,[slope ~ -0.7
—_~ .
o0} (2im X
3 10
AD/D(t=0) (%)
04}

Stressed at -4.8V
0 200 400 600 800 1000
Stress Time (s)

Fig. 6  Time dependence of the relative quadratic voltage coefficient of capacitance o(t)/(0)

under a CVS voltage of —4.8 V with various measurement frequencies.
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Fig. 7 The cumulative results of TZDB for the 10-nm La,O; MIM capacitors at the

measurement temperature varied from 25 °C to 125 °C.

In this study, the MIM test structure with the high-k La,O; film was fabricated and
characterized. The operational principles and the implementation issues of the high-k La;O;
MIM capacitor are discussed, including leakage current and conduction mechanisms, analog
properties and distortion mechanisms, stress behaviors and degradation processes, as well as
dielectric breakdown and reliability characteristics. In summary, a highly stable and reliable
10-nm La,O3 MIM capacitor with low leakage current (9.4 nA/cm® at —1 V), high breakdown
strength (> 7 MV/em at 25 °C), small VCC (671 ppm/V* at 100 kHz), and sufficient high
capacitance density (11.4 fF/um?®) has been successfully demonstrated. The results highlight

the promise of the La-based high-k dielectrics as the insulator of MFIS-FET.
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Stabilities of La,0O3; Metal-Insulator-Metal Capacitors Under Constant Voltage Stress

Shu-Hua Wu, Chih-Kang Deng, and Bi-Shiou Chiou

Institute of Electronics, National Chiao-Tung University, Taiwan
Phone: +886-3-5712121 ext: 54203; Fax: +886-3-5724361; E-mail: shwu.ee96g@nctu.edu.tw

1. Introduction

Recently, high-k metal-insulator-metal (MIM) capacitors
integrated into backend interconnection as passive components
have generated great interest for analog and RF applications
[1], [2]. The stability of MIM capacitors is a key issue on
precision performance, especially on the voltage linearity.
Some studies [3], [4] have discussed the capacitance variation
of SiO, MIM capacitors during electrical stress. However, the
degradation of the MIM capacitor with high-k dielectric has
not been well characterized. In this paper, the behaviors of
La,0; MIM capacitors under constant voltage stress (CVS)
were investigated. The correlations among the injected charges
(Qin), the capacitance change (AC/C,), the quadratic voltage
coefficient of capacitance (o), and the dielectric loss (D) of the
La,0; MIM capacitor were also discussed.

2. Device Fabrication and Experimental Procedures

This work focused on a 10-nm La,O; MIM structure with
an 11.4-fF/um? capacitance density and an area of 2500 um®.
The schematic layout and the schematic cross section of the
capacitor along the A-A’ line in the layout are shown in Figs.
1(a) and 1(b). The high-k dielectric La,O5 film was deposited
by e-beam evaporation and annealed in O, ambient to improve
its quality. The top bi-layer (TaN/Ni) and bottom (TaN/Ta)
electrodes were deposited by a reactive sputtering. All process
temperatures during MIM capacitors fabrication were below
400 °C compatible with backend process. The samples were
subjected to constant voltage stress in the range of —-4.2 V to
-5 V applied on the top electrode (Ni), and their capacitances
variation were also measured at 25°C using an LCR meter at
various intervals during CVS testing.

3. Results and Discussion

Fig. 2 shows C-V and J-V characteristics of the 10-nm
La,0; MIM capacitor. The leakage current is below 107 A/lcm?
under the applied voltage of +2 V. The quadratic voltage
coefficient (@) of capacitance could be fitted by the second
order polynomial equation: C (V) = Co - (- V2 + -V + 1),
where C, is the capacitance at zero bias. Hence, the values o
of 10-nm La,O3; MIM capacitor measured at 10 kHz and 100
kHz are 775 ppm/V? and 671 ppm/V?, respectively.

Fig. 3 illustrates the correlations among the relative
capacitance variation [Cy(t)-Cy(0)]/Co(0), the stress time, and
the injection charges (Qiy) at various CVS voltages from —4.6
V to -5 V, where Cy(t=0) is an initial capacitance at zero bias.
As shown in the inset of Fig. 3, the relative-capacitance
variation increases with a logarithmic increase in Qi
regardless of the stress biases, which implies charge trapping
in dielectric films [5]. When the carriers inject into the La,Os
dielectric film during CVS stress, the trapped charges could
generate dipoles to increase the local permittivity and then
contribute to the degradation of the capacitance [3], [4].
Besides, as shown in Fig. 3, after the [Cy(t)-Co(0)]/Co(0)

rapidly increases in the initial stress, it tends to saturate after
the 1000-s stressing. This saturation could be attributed to the
trapped charges near the top electrodes. After the pre-existing
trap states are rapidly filled by injection charges to increase
the capacitance, the trapped charges would increase the barrier
height near the injection electrode and result in a saturation
phenomenon [6].

Fig. 4 depicts the 10-year stability extraction of a
fabricated 10-nm La,O; MIM capacitor estimated by the
relative-capacitance variation. It could be obtained from the
extrapolated [Cy(t)-Co(0)]/Co(0) versus stress time to 10 years,
as shown in the inset in Fig. 4. The 10-year degradations of
10-nm La,03; MIM capacitors with an 11.4-fF/um? capacitance
are 6.32 %, 4.09 %, and 2.61 % under —-4.6 V, —-4.4 V, and —4.2
V, respectively. The safety 10-year operation voltage with
below 1-% degradation could be extrapolated by around —4 V.
This long-term stability is useful for the sub-65 nm technology
node, whose operating voltage is smaller than 1.5 V.

Time dependence of «(t) normalized to its initial value
o(0) under CVS biases from —4.6 V to =5 V is plotted in Fig. 5.
The inset presents the dependence of «a(t)/(0) on the relative
variation in dielectric loss [Dg(t)-Do(0)]/Do(0) during stressing,
where Dy(0) is the fresh dielectric loss at zero bias. It can be
found that o(t)/(0) decreases with the increasing stress time
for a certain stress bias. The reason for the decrease in the
voltage dependence of capacitance is that the carrier mobility
is reduced by the stress-induced trap states, and then hardly
follows the alternating signal with a higher relaxation time [7].
Besides, a(t)/a(0) linearly decreases with a logarithmic
increase in relative dielectric loss, but it still maintains almost
the same slope under various stress voltages. It further verifies
the change in voltage dispersion of capacitance is ascribed to
the stress induced traps.

Dependence of a(t)/a(0) on stress time under a CVS of
—4.8V with various measurement frequencies is exhibited in
Fig. 6, and the inset presents the dependence of «(t)/a(0) on
the relative variation in dielectric loss [Dg(t)-Do(0)]/Do(0). As
the measurement frequency increases, the changes in a(t)/ «(0)
become smaller, and the correlation between «a(t)/a(0) and the
relative variation in D has been confirmed again.

4.Conclusions

The stabilities of MIM capacitors with La,0O5 dielectric
under CVS are investigated in this paper. It could be found
that the degradation in capacitance is dependent on injected
charges (Qij). The correlation between the carrier injection
and the relative-capacitance variation of La,0; MIM
capacitors is also evaluated. The improvement in voltage
nonlinearity of La,0;3 MIM capacitors during CVS testing
could be attributed to the stress induced traps in dielectrics.
Additionally, highly stability of 10-year lifetime was achieved
for a 10-nm La,0; MIM capacitor with an 11.4-fF/um?
capacitance density.
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